The supersymmetric formulation of t-J model is studied in this paper at the mean-field level where the δ-T phase diagram is computed. We find that slave-fermion-like spiral phase is stable at low doping concentration, and the slave-boson-like d-wave fermionic spin pairing state becomes energetically favourable when δ ≥ 0.23. An improvement in free energy using Gutzwiller's method lowers the transition doping concentration to δ ∼ 0.06. We also point out the existence of new branches of excitations in the supersymmetric theory.
A lot of interest in studying the t-J model is raised since the discovery of cuprate superconductors 1 . So far, analytical understandings of the model were largely based on mean-field theories which treat the constraint of no double occupany on average. The most successful mean-field approaches to the t-J model seem to be based on either the slave-fermion mean-field theory (SFMFT) 2 , which is successful at very small doping when antiferromagnetic correlation is important, or the slave-boson mean-field theory (SBMFT) 3 , which is successful at larger value of doping when the system becomes superconducting. The only difference between the two approaches is that two different representations of spin and hole operators are used in the two theories. Recently the focus has turned to the underdoped regime where crossover from antiferromagnetism to superconductivity takes place 4, 5 . To understand the complicated behaviour in this regime, it seems that a unified approach which incorporates the advantages of both SFMFT and SBMFT is essential. In a recent paper 6 , we
show that it is in general possible to formulate lattice models with constraints of no double occupancy in such a way that the advantages of the two slave-particle representations are retained. The essential idea of the approach is to consider an enlarged Hilbert space where both slave-boson and slave-fermion representation of spins and holes coexist as independent states at each lattice site. A Hamiltonian is chosen such that the system in the enlarged Hilbert space is equivalent to 2 N (N = number of lattice sites) replicas of the original lattice model (supersymmetric formulation) 6 .
In this paper, we present our mean-field calculation results on the supersymmetric formulation of t-J model. First we give some mathematical details of the theory. A spin-σ state is represented by either b where
σ is the Pauli matrix, and
The constraint of no double occupancy h † i h i + σ ψ † iσ ψ iσ = 1 is imposed by a Lagrange multiplier term as usual. The Heisenberg interaction can be re-written as
where 
where U i is a local 2 × 2 unitary super-matrix. The hopping term can also be re-written as
where
Notice that H t is not invariant under the super-unitary transformation U i because of the 
Our mean-field theory is obtained by replacing λ i → λ i = λ, and by decoupling the quartic terms appearing in H t and H J . After some straightforward algebra, we obtain
are Hubbard-Stratonvich type super-matrix field introduced to decouple the quartic terms in H.
Next we integrate out hole and spin fields h and ψ σ , arriving in an action in terms of the auxiliary super-matrix fields only. The supersymmetric mean-field theory is obtained by replacing the auxiliary super-matrix fields by their mean values which are determined by the saddle-point conditions,
where Q ij can be∆ In our calculation we have only searched for mean-field solutions which preserve translational invariance and time-reversal symmetry. Notice that the ground state energy of the the defect of Hubbard-Stratonovich method when decoupling in more than one channel 7 . To compare our results with those obtained from variational wavefunction method, the coupling constant J in our mean-field theory is scaled to 2J in the following. One of us proposed that these high energy spin and charge excitations are in fact topological excitations in SFMFT and SBMFT, respectively 8, 9 . It is suggested that the slave-fermion (boson) mean-field state can be considered as a topologically-disordered state of slave-boson (fermion) mean-field theory. In the transition from one mean-field state to another, the (low energy) elementary excitations of one state become the (high energy) topological excitations of another. The supersymmetric mean-field theory seems to support this picture.
Notice that because free energy is an increasing function of δ when δ is small in SFMFT 2 ,
there exists an instability region where the system is unstable towards phase separation (the area under dotted line) in mean-field theory. A possible consequence of this instability is that stripe phase might develop in this part of the phase diagram. Notice however, that our mean-field free energy is probably not accurate enough to describe the instability region correctly.
The first-order phase transition between slave-boson-like and slave-fermion-like phases implies that our phase diagram is extremely sensitive to the free energy of the two phases.
In particular, it is well known that the mean-field free energies are unreliable because of the relaxation of constraint of no double occupancy. A better way to compute free energies is to use Gutzwiller's projected wavefunction 11 |φ G = P |φ o , where |φ o is a mean-field state in the supersymmetric theory, and P = Π i δ(h Similarly,
for the hopping terms, where
The details of these calculations will be reported in a separate paper.
After applying the Gutzwiller's method, the resulting δ-T phase diagram for the same value of t/J=3 is shown in Fig.2 
